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5ABSTRACT
Cell and tissue culture techniques such as somatic embryogenesis are based on the
totipotency of the plant cell. The present study has been carried out for that establish an
efficient method to produce somatic embryos in haploid (megagametophyte origin) and
diploid (zygotic embryo origin) tissue cultures of Picea abies (L.) Karsten (Norway
spruce) in order to study the embryogenesis of this conifer. Attention has been paid to the
metabolism of polyamines in developing somatic and zygotic embryos. 
Immature and mature zygotic embryos and megagametophytes were used as
starting material for tissue cultures.  For  embryo development embryogenic tissue was
first cultured on a nutrient medium supplemented with auxin and cytokinin. Proembryos
did not develop further on this preculture medium, but when auxin and cytokinin were
replaced with abscisic acid (ABA), development to mature viable embryos occurred. 
Proembryo proliferation increased when solid preculture media were replaced with
liquid media.  Embryo maturation, however, succeeded only on a solid medium.  Organic
nitrogen [casein hydrolysate (CH), arginine (Arg) and glutamine (Gln)] supplementation
accelerated the proliferation of  proembryos and the further development of embryos on
ABA-media, whereas green non-embryogenic tissue grew equally well on media without
any amino acid supplement. Concentrations of auxin and cytokinin, the nitrogen source,
trace elements and the carbohydrate source (sucrose) in preculture medium had an
influence on the further development of embryos. Somatic embryos germinated well
when they were embedded with their cotyledons in a solid medium supplemented with
Arg, Gln and gibberellin. 
Changes in the levels of free, conjugated and bound polyamines putrescine (Put),
spermidine (Spd) and spermine (Spm), and the activities of enzyme S-adenosylmethionine
decarboxylase (SAMdc) important in polyamine biosynthesis, and degrading enzymes
diamine oxidase (DAO) and polyamine oxidase (PAO) were  recorded in developing
somatic embryos. The fate of polyamine degradation products was followed. Non-
embryogenic tissue, cultured in the same conditions as embryogenic tissue, was used as
comparison material to study polyamine metabolism. The Put level at the beginning of
culture on ABA-containing maturation media was almost the same in proembryonal tissue
as in non-embryogenic tissue. Put content later depleted in both tissues, probably partly
due to its role as a precursor of Spd and Spm synthesis and to its degradation by DAO.
Spd synthesis from Put was more active in embryogenic than in non-embryogenic tissue.
Spd was also degraded in spruce tissue, suggesting DAO and PAO activities in cultured
cells.  
In feeding experiments, 1,4 -14C-Put  was taken up and metabolized more actively
by embryogenic than non-embryogenic cells. The label from Put accumulated in proteins
and in free, conjugated and bound polyamines, especially  Spm. Labelled polyamine
precursors Arg and ornithine (Orn) were decarboxylated in maturing zygotic embryos and
megagametophytes of P. abies.  A label from these polyamine precursors incorporated
into Put, some amino acids and proteins. Put synthesis from Arg was more active than
from Orn, suggesting that in developing embryos putrescine synthesis is advanced mainly
by arginine decarboxylase (ADC), and not by ornithine decarboxylase (ODC) another
6enzyme synthesizing Put.  Spd and Spm  levels were low and  their synthesis slow in
maturing embryos. Polyamines and their degradation product 1,3-diaminopropane (DAP)
were also found from embryo and megagametophyte proteins, and the label from 1,4-14C-
Spd incorporated covalently into a few polypeptides of mature embryos and endosperms.
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91. INTRODUCTION AND AIMS OF THE STUDY
Many somatic plant cells possess the ability to produce plantlets through somatic
embryogenesis.  This ability  has been under intensive study since the first reports on
plantlet development in carrot tissue cultures (Steward 1958, Reinert 1959).  Before
Steward´s and Reinert´s articles, a  research report was published describing development
of embryo-like structures from the cells of aseptically cultured Oenanthe aquatica root
tips (Waris 1957, see also Krikorian and Simola 1999). Until today, several plant species
have been produced by somatic embryogenesis (Misra 1994). 
Manipulation of culture conditions gives information concerning the regulation of
embryo development. Therefore hormonal and nutritional requirements of embryogenesis
are now better known than they were a few years ago. In addition of plant production,
somatic embryogenesis has  also been employed in basic research of  development, cell
and molecular biology and physiology (Kong et al.  1999).   
The only usable explants for induction of embryogenic cell culture in conifers have
been the most juvenile material such as immature-mature zygotic embryos. More recently,
however, embryogenic material has been successfully induced from needles of one- year-
old seedlings (Ruaud et al. 1992).
Because the properties of adult phenotypes are usually interesting in plant
propagation,  especially among trees, numerous attempts have been made to obtain
haploid embryogenic callus from microspores and megagametophytes (Minocha and
Minocha 1995).  Haploid morphogenetic ca l lus  has  been produced f rom
megagametophytes of Picea abies (Simola and Honkanen 1983) and Larix decidua
(Nagmani and Bonga 1985) and from microspores of P. abies (Simola and Huhtinen
1986). 
In vitro
 techniques may bypass problems of long life cycles and irregular seed
production of many trees. The main advantage in producing plants by somatic
embryogenesis is the ability of embryogenic tissue to retain its regenerative competence
during several subcultures.  Regeneration of plants trough somatic embryogenesis
provides a means of gene transfer and proliferation of transformed cells for production of
transgenic trees. Somatic embryogenesis also has the advantage of long-term storage of
germplasm through cryopreservation (Kartha et al. 1988, Cyr et al. 1994).  Therefore,
producing an unlimited number of somatic embryos from one culture is theoretically
possible (Pâgues et al. 1995). 
More work is needed to achieve a basic understanding of the biochemical and
molecular events associated with embryogenesis to improve plant production via somatic
embryogenesis on a commercial scale. Comparisons of these events in somatic and
zygotic embryogenesis may reveal which are related to development of embryos and
which are caused by environmental conditions  under which somatic embryos develop. 
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Aims of the present study were to:
1. Develop an effective method for production of callus cultures and somatic
embryos of  Picea abies  f rom diploid zygotic embryos and haploid
megagametophytes by evolving a new macro and micro mineral medium which
were tested with different combinations of plant growth regulators and nitrogen
source in induction and maturation of embryos (I)
2. Analyse free, conjugated and bound polyamine levels at different developmental
stages of somatic embryos, and compare these levels with those in non-
differentiating tissues under similar situations, and with maturing zygotic embryos
and megagametophytes (II, IV, V)
3. Compare activities of enzymes important in polyamine synthesis (SAMdc) and
degradation (DAO and PAO) in differentiating and non-differentiating tissues and
test the effect of SAMdc inhibitor MGBG to the SAMdc activity, polyamine levels
and somatic embryogenesis (II, III)
4. Investigate polyamine - protein interactions during development of zygotic and
somatic embryos (IV, V)
5. Investigate Put biosynthesis and metabolism from precursors Arg and Orn  in
maturing zygotic embryos and megagametophytes (V)
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2.  REVIEW OF LITERATURE 
2.1   Zygotic embryogenesis
2.1.1   Megagametophytes 
In seed plants, competitiveness is ensured with a "maternity benefit" for seeds that helps
embryos to survive harsh conditions.  An endosperm  is a simple transient organ including
1-3 types of cells differentiated to either nourishing a developing embryo or germinating
seedlings (Harada 1997). In gymnosperms, an endosperm analogy develops inside
megasporangia from the haploid megaspore through several free-nuclear divisions to
coenocytic  megagametophytes.  Walls   form later  and a haploid cellular
megagametophyte is made before fertilization of the large egg cells in the archegonia
(Raghavan and Sharma 1995). 
2.1.2 Embryos
A plant embryo usually establishes the basic architecture of the seedling, including the
root and shoot apical meristem. Most tissues and organs in the adult plant are generated
by the primary meristems formed in early embryogenesis.
Among gymnosperms, embryo development initiates inside the female
megagametophyte in an archegonium. Single fertilization takes place and after
fertilization the zygote nucleus divides several times resulting in a free-nuclear phase. 4-8
nuclei  migrate to the base of the large zygote cell.  Developing cell walls separate  two
tiers of 4 cells, which divide producing an 8-celled proembryo with a 4-celled suspensor
tier. In the early developmental stage, the embryo is nourished by the egg cytoplasm via
the suspensor system (Raghavan and Sharma 1995). Suspensor cells  elongate and divide
thrust ing the embryo head out  from the archegonium into the nourishing
megagametophyte. The outermost cells are open towards the apex of the archegonium.
The cells between suspensor cells and outermost cells, known as  rosette cells are aborted
early in Abies, Picea and Larix (Johansen 1950). During the next phase (an early embryo
phase in Misra 1994; a precotyledonary phase in Nagmani et al. 1995), embryonal cells
come into closer contact with megagametophyte tissue and divide actively, forming an
embryonal mass. There are usually two or more archegonia in the female gametophyte
which enables development of more than one embryo.  Nevertheless, usually only one
embryo develops, with the others degenerating.    
A club-shaped early embryo grows rapidly during the mid-embryo stage, through
several divisions of cells, filling the corrosion cavity that is formed in megagametophytes
(Misra 1994).  Further stages of embryo development include elongation of hypocotyls
and cotyledons as well as development of provascular tissue (Buchholz and Stiemert
1945, Nagmani et al. 1995).  
Polyembryony is a characteristic feature of conifer embryogenesis. It may result
from the fertilization of several archegonia described as simple polyembryony or the
splitting of proembryos into several embryos known as cleavage polyembryony.
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Occasionally,  rosette cells may also form embryos. Rarely, however, does more than one
embryo attain maturity (Johansen 1950).  
Signal molecules producing cells develop into a multi-celled embryo. Their effect
on responding tissues may vary depending on the distance between inducing cells and
responding cells, which in turn affects  the organization of an embryo (Schmidt et al.
1994). These signal molecules affecting embryo development are plant hormones (auxins,
cytokinins, gibberellins, abscisic acid), polyamines and other molecules, which are
completely different from conventional plant growth regulators, namely arabinogalactan
proteins and lipo-oligosaccharide-like cell wall constituents.
During maturation the developing embryo and endosperm increase their volumes
by cell enlargement and accumulation of storage proteins and lipids to prepare the seeds
for germination and growth. Arrest of embryo morphology, synthesis and accumulation
of storage material,  acquisition of desiccation tolerance, desiccation of seeds and, in some
species, embryo dormancy characterize seed maturation (Misra 1995).  
2.1.3   Suspensors
The primary function of the suspensor is to maintain contact between embryo and mother
tissue and orientate the developing embryo towards nourishing endosperm. It may also
support the early development of the embryo proper by serving as a site for synthesis of
plant hormones such as auxin (Przybyllok and Nagl 1977), cytokinins (Lorenzi et al.
1978), gibberellic acids (GAs) (Alpi et al. 1975) and abscisic acid (ABA) (Perata et al.
1990). The suspensor develops more quickly than the embryo, reaching maturity during
the globular to torpedo transition of the embryo, at which time it degenerates (Raghavan
1986). At the beginning of embryogenesis, the suspensor is usually functional, serving
nutrients to the growing embryo, which in turn inhibits the growth of suspensor cells.
The suspensor cells later become inactive.  The embryo-head has been speculating to
control suspensor development because its dissection during the heart-stage causes
proliferation of suspensor cells and the formation of new embryo-like structures
(Schwartz et al. 1997).
2.1.4 Storage proteins
Seed storage proteins are the source of amino acids for new proteins  needed in
germination.  Storage proteins are located in protein bodies that may contain amorphic
proteins, such as enzymes, and phytate-containing globoids as well as protein crystals
(Simola 1974, 1975, Misra et al. 1993). Accumulation of storage proteins, has been
considered to be a marker of zygotic embryo maturation (Leal and Misra 1993, Bewley
and Black 1994). In the megagametophyte of  Picea abies they start to accumulate when
the embryo is growing to  the corrosion cavity, while  in embryos these proteins
accumulate during a later stage of rapid growth (Misra 1995). Their synthesis declines
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during desiccation, whereas the synthesis of late-embryogenesis-abundant (LEA) proteins
increases (Han et al. 1997). 
Immature somatic embryos contain some lipid and starch bodies (Joy et al. 1991).
ABA treatment accelerates the accumulation of lipids and storage protein mRNA,
increasing desiccation tolerance and inhibiting precocious germination of embryos. Water
stress treatment is, however, needed for completing the storage protein profile of mature
embryos.  Starch remains the main storage product in somatic embryos of Picea glauca
matured with low osmoticum in culture medium (Joy et al. 1991). During maturation of
embryos, lipids continue to accumulate while protein gathering starts and starch bodies
simultaneously disappear from the cells. In P. abies (Hakman et al. 1990, Hakman 1993),
P. glauca
 x P. engelmannii (Roberts et al. 1990, Flinn et al. 1991) and P. glauca (Misra
et al. 1993),  SDS-gel electrophoresis in ABA and low osmoticum-treated (PEG 400)
somatic embryos are similar in protein profiles to their zygotic counterparts. 
2.1.4 LEA proteins
Late embryogenesis abundant proteins (LEA proteins) are neither enzymes nor real
storage proteins, but probably protect embryos from desiccation stress and stabilize other
proteins and membranes protecting cells (Dure et al. 1989). Late in seed development,
LEA mRNAs accumulate in seeds soon after storage protein accumulation and LEA
protein synthesis  in seeds coincides with the endogenous ABA peak and the desiccation
of the seed (Galau et al. 1991). These proteins are present  in mature seeds but are
degraded upon imbibition (Skriver and Mundy 1990). Sequence analysis of these proteins
has  revealed that they are rich in hydrophilic amino acids and that they are boiling stable
(Lane 1991, Farrant et al. 1996). Among ABA-induced proteins most commonly
observed are dehydrins with membrane and protein stabilization properties (Close 1996).
2.2 Seed dormancy
Seeds obtain the ability to tolerate stress by entering dormancy. During this stage, need
for nutrients as well as sensitivity to environmental conditions, such as dryness and low
temperature, are reduced (Gray and Purohit 1991). In dormancy, seed water content may
decrease to 5-15% depending on the nature of the storage nutrients. Desiccation-induced
quiescence helps the embryo to remain viable for a longer period with minimal aging
damage.  Metabolism is gradually restored under favourable conditions of moisture,
temperature and in several cases, exposures to light. Degradation of storage materials and
active oxygen-consuming metabolism, ATP-, m-RNA-, protein- and lipid-syntheses,
precede growth.  
Bewley and Black (1994) distinguish three different types of rest in orthodox
seeds: 1) quiescence which is reversed by water; 2) primary dormancy in mature seeds
which is supported by either internal mechanisms or external tissues such as endosperms/
megagametophytes, seed coats, periderms or other floral tissues.  The embryo may
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germinate upon addition of water after internal  mechanisms are reversed or after removal
of external tissues; 3) secondary dormancy is induced in mature seeds by environmental
factors such as drying, photoperiod and temperature. The occurrence of resting type is
species-specific. In dormant Picea glauca seeds, removal of seed coat has the same
stimulatory effect on germination as moist chilling treatment. Furthermore, sucrose in
incubation media as well as drying treatment of seeds increases germination.  Decreasing
water may interact with macromolecules, lowering freezing temperature (Vertucci 1989).
Mature somatic embryos of Daucus carota may survive after ABA-treatment and slow
drying due to expression of LEA-like transcripts, but not after fast drying (Wolkers et al.
1999).  
2.3 Control of embryo development
2.3.1 Phytohormones
The characterization of embryo mutants has revealed that plant hormones function as
signal molecules in embryogenesis. Many severe abnormalities in developing embryos of
Arabidopsis
 coincided with the disturbed balance in the levels of auxin and cytokinin
(Okada et al.1991, Mayer et al. 1993). In embryo mutants of Brassica juncea, inhibition
of a polar auxin transport will disturb the bilateral development of the embryo and a
fused, collar-like cotyledons develop (Liu et al. 1993). Cytokinin over-production in the
Arabidopsis mutant increases the number of cotyledons, and tricot as well as tetracot
embryos may develop (Chaudhury et al. 1993).
A peak in active cytokinins occurs shortly after pollination in cereal grains,
coinciding with the cell division activity of endosperm cells. The cytokinin concentration
was subsequently decreased to the basic level by increasing the activity of cytokinin
oxidase. In zygotic and somatic embryos of  Tilia cordata cytokinins were localized in
cytoplasm and nucleoli of meristematic cells (Kärkönen and Simola 1999). The drop in
cytokinin is followed by an auxin (IAA) peak that is associated with endosperm cell
enlargement. The auxin is later inactivated by conjugation (Morris 1997). Polar auxin
transport is essential for the development of bilateral symmetry of the embryo (Liu et
al.1993). In seeds of Picea glauca, endogenous IAA levels increase during the early and
late stage of embryo development especially in megagametophytes (Kong et al. 1997).
ABA has long been proposed to play an important role in seed maturation and the
suppression of precocious germination. In developing seeds, it stimulates accumulation of
reserve substances and prepares embryos for a dormancy. It also increases  cold and
dessication tolerance of embryos (Dunstan et al. 1988, Attree et al. 1990). In maturing
seeds of P. glauca, ABA content is the highest in megagametophytes preceding reserve
deposition. Zygotic embryos develop in an environment with high ABA levels, and this
hormone might be transported from megagametophytes to embryos (Kong et al. 1997).
The ABA content  varies between 7-30 µM in the embryo and in seed coat cells during
seed development (Carrier et al. 1999).
A decline in sensitivity to exogenous ABA as well as an increase in sensitivity  to
GAs was observed late in embryo development. In experiments, exogenously added ABA
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inhibits germination, however, during seed development embryos are able to germinate
despite the high ABA levels. Partial drying will increase germination and decrease the
ABA level.  Additional drying continues to accelerate germination, but does not decrease
ABA concentration further (Bianco et al. 1994). Water availability may affect sensitivity.
These changes in hormone sensitivity may play a role in germination (Le Page-Degivry
et al. 1996). 
2.4 Somatic embryogenesis
In somatic or asexual embryogenesis, somatic cells may develop into plantlets following
the same morphological steps as zygotes. Some plants possess the spontaneous ability to
form embryos not originating from fertilized egg cells. These adventive embryos  often
develop in nucelli (Frost 1938, Sharma and Thorpe 1995) or integument cells or, similar
to Pinus species, through cleavage embryogenesis in which the precotyledonary zygotic
embryo proliferates (Johansen 1950). In vitro somatic embryos are induced either directly
into the explant or indirectly through the subculturable callus or suspension culture stage
(Williams and Maheswaran 1986).  
The first success in somatic embryogenesis among conifers, achieved decades later
than in angiosperms, was reported  in 1985 for Picea abies (Norway spruce) (Hakman
and von Arnold 1985, Chalupa 1985) and Larix decidua (Nagmani and Bonga 1985), and
one year later for Pinus (von Arnold and Hakman 1986, Gupta and Durzan 1986a).
Similar treatments have enabled somatic embryogenesis in several other conifer species
(Minocha and Minocha 1995). 
2.4.1 Haploids
In conifers, gametophytes as naturally occurring haploid material represent a genotype of
adult plant. As explant in embryogenic callus cultures haploids will provide useful
material for breeding and the study of cytological and genetic problems (Brunkener
1974). Furthermore, haploids can reveal hidden recessive genetic information and yield
homozygotes by doubling their chromosome number (Rashid and Street 1974).  Initiation
of the callus from pollen may, however, result in genotypically mixed tissue (Rohr 1987).
Megagametophytes have more often been responsible for callus induction than
microspores or pollen cells. The megagametophyte callus usually also has a higher
morphogenetic ability than the microspore callus (Simola and Honkanen 1983, Nagmani
and Bonga 1985, Ball 1987).   
Approximately 1.5% of megagametophyte explants  of  P. abies produced
subculturable tissue (Simola and Honkanen 1983). The ploidy level of the callus lines,
however, changed during the subculture and most of them were either diploid or
aneuploid. Many cell lines were highly morphogenetic and even embryogenic. Buds,
roots, shoots and small plantlets developed on auxin- (2,4-D, 2 mg l-1) and cytokinin-
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(Kin, 0.5 mg l-1) containing media. Low concentrations of polyamines Put, Spd and Spm
slightly advanced the morphogenic capacity of cell lines (Simola and Honkanen 1983).
 Immature megagametophytes of Larix decidua  produce an embryogenic callus on
auxin- and cytokinin-containing media. On hormone-free media, proembryos proliferate
and grow  into small plantlets. Plantlets will produce some needles after transfer to soil
but then cease growing (Nagmani and Bonga 1985). Originally, haploid callus lines of L.
decidua
  also diploidized during longer subculturing (Pattanavibool et al. 1995).
2.4.2     Initiation of embryogenic callus
Many factors in culture conditions affect embryo production such as starting material
(genotype, source, physiological stage of explant), media (minerals, plant growth
regulators,  supporting agents), environment (temperature, illumination properties,
vessels), timing and finally interaction between all these factors (McCown and Sellmer
1987). 
The developmental stage of zygotic embryos as starting material is very important
especially for Pinus species (Attree et al. 1990). In P. sylvestris the embryogenic callus
was inducible on DCR (Gupta and Durzan 1985), MSG (Brown and Lawrence 1968), ½
LP (von Arnold and Erikkson 1981) and DG (Durzan and Gupta 1987) media over a 2-
week period just after fertilization (Keinonen-Mettälä et al. 1996).  Mature zygotic
embryos and even shoot tips from adult trees of P.  sylvestris produced embryogenic
callus on MS (Murashige and Skoog 1962), CD (Chalupa and Durzan 1973), WPM
(Lloyd and McCown 1980, LP (von Arnold and Erikkson 1981) and BMI-S1 (Krogstrup
1986) media (Hohtola 1995). 
Plant growth regulators usually seem to determine the nature of the developing
callus. Exogenous auxin (0.1-100 µM) as the sole plant growth regulator induced only
non-embryogenic calli from embryos of P. abies (Hakman and von Arnold 1985),
whereas the same cytokinin concentrations induced adventitious buds in embryos (von
Arnold and Erikson 1978). When auxin and cytokinin were added (2.5-40 µM NAA or
2,4-D and 1-10 µM BA), the quantity of the embryogenic calli increased. Sucrose (2%)
was the optimal sugar tested. Induction of the embryogenic callus was greatly deduced
with a higher sucrose level (3%). In a half-strength LP nutrient medium (von Arnold and
Eriksson 1981), higher sucrose content did not noticeably deplete the formation of the
embryogenic callus. 
The pH of the culture media has a marked influence on the callus type.  In addition
the pH rise in the nutrient media (LP, von Arnold and Eriksson 1981) from 5.0 to 6.5
increased the formation of the embryogenic callus from 22% to 50% (von Arnold 1987).
The pH of nutrient media is routinely adjusted to 5.2-5.8, which is the compromise for a
balanced uptake of nutrients; at media pH < 6,  the bulk of IAA diffuses into the cell
(Minocha 1987). Furthermore,  higher pH increases NH4+ uptake whereas, lower pH
increases NO3- uptake (Rose and Martin 1975).  Thus, it is difficult to know what actually
increases the formation of the embryogenic callus at a higher pH.    
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The cell density in a growth medium clearly affects embryogenic capacity of
suspension cultured cells of Picea sitchensis, approximately 20% settled cell volume
(SCV) being optimal (Krogstrup 1990).  In suspension cultured cells of Picea wilsonii,
shake speed influenced the induction of embryogenesis.  At 100 rpm the growth rate and
embryo development were more rapid than at the slower or more fast shake speeds
(Yinggen et al.  1999).  
In zygotic embryos of Picea glauca, the yield of the embryogenic callus was
affected by geographic location of  trees, as well as the storage and the imbibition time of
seeds. A 4-h imbibition induced the embryogenic callus from zygotic embryos, whereas
a longer time decreased  embryogenic competence of calli by 50%. Furthermore,
germinability of embryos coincided with embryogenic competence of the callus
(Tremblay 1989).
2.4.3 Early embryo development
In vitro
 early embryo development of conifers takes usually place on auxin and cytokinin
containing preculture media (Table 1).  Organic nitrogen is also often needed to maintain
embryogenic capacity of cultures. Events  in early development of a conifer somatic
embryo are currently being heatedly debated.  Observations range from initiation of
embryo development from long, vacuolated or small, dense cytoplasmic cells via unequal
division to embryonic and suspensor initials. Moreover some authors hold with the idea
that embryos develop from cell aggregates (von Aderkas 1992).
Polynuclear cells have been observed in suspension-cultured embryogenic tissue
of  Pinus taeda (Gupta and Durzan 1987) and in haploid gametophytic cultures of Larix
decidua
 (von Aderkas and Bonga 1988). Four nuclei migrated to the base of the long cell
and cell wall formation resulted in a  4-celled proembryo. Coenocytes have also been
observed in suspension-cultured protoplasts of Picea glauca at the developmental stage
of an early somatic embryo (Fowke et al. 1990). The cell division pattern in the early
stage of development of somatic conifer embryos was suggested to resemble the events in
a conifer archegonium (Bell 1994, Durzan et al. 1994).  
Developmental stages of somatic embryos of P. abies have been described by von
Arnold and Hakman (1988). At the 1st stage, tissue grows  on auxin- and cytokinin-
containing preculture medium with long narrow suspensor cell  tiers ending at the embryo
heads  extending from the tissue surface. This stage would correspond to  the
precotyledonary stage of zygotic embryo according to Nagmani et al. (1995), or  pro-early
embryo according to Misra (1995). Descriptions about developmental stages in somatic
embryogenesis of Picea glauca have been completed by Kong et al. (1999). By the late
club-shaped stage, the outermost protoderm layer distinguishes the embryo from the
external tissue and the environment. At the precotyledonary stage, apical meristems
develop and a procambial cylinder starts to form. In an early cotyledonary stage of P.
glauca, suspensor cells gradually cease growth and disappear during embryo maturation.
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2.4.4 Embryo maturation
At the 2nd stage, embryogenic calli are grown for 4 weeks on ABA-containing maturation
medium (von Arnold and Hakman 1988). Embryos are elongated and their surfaces are
smooth. At the 3rd  stage, embryos are transferred onto a medium lacking plant hormones.
Cotyledons develop on this medium within 2 weeks. Cotyledonary somatic embryos
accumulate lipid bodies and storage proteins whereas the numbers of starch grains are
reduced during maturation (Nagmani et al 1995). Fully ripe embryos appear opaque and
white and they have well defined apical meristems.
Dehydration seems to change the physiology of an embryo from maturation to
germination and development of seedlings (Kermode et al. 1986). Poor germination of
somatic embryos may result from incomplete internal or external conditions for
germination, therefore, the induction of desiccation tolerance and dehydration may be
necessary to induce germination in somatic embryos of woody plants as well.  A
dormancy has been documented in somatic Vitis embryos (Gray 1988). It may be more
common in somatic embryos usually treated with ABA than noticed. Thus, germination
quality may also result from the dormancy of somatic embryos. If  poorly-germinating
somatic embryos are well-developed, the dormancy might be detected with dormancy-
breaking treatments such as cold treatment or exogenous growth regulators (Hepher and
Roberts 1985).
In Vitis somatic embryos, the ABA concentration increases during embryo
development. Mature embryos germinate after cold stratification similar to their zygotic
counterparts (Rajasekaran et al. 1982).  Dehydration abolishes the need for cold
stratification of somatic embryos; therefore, stratification either prepares embryos  to
grow or alternatively embryos were only quiescent, not dormant. Quiescent or dormant
somatic embryos are needed for better handling and storage quality of embryos (Gray and
Purohit 1991).    
2.5 Control of somatic embryogenesis
2.5.1 Plant growth regulators
For effective embryo production, embryogenic tissue cultures of conifers must usually be
maintained on an auxin and cytokinin-containing medium (Table 1), unlike many
dicotyledonous embryogenic cultures, where only the auxin (usually 2,4-D) is often
needed to induce embryogenesis.
ABA also has an important role during zygotic and somatic embryogenesis. In
somatic embryos of Picea glauca, ABA has been shown to stimulate embryo growth and
inhibit precocious germination (Dunstan et al.  1988), and in somatic embryos of P.
glauca
 x P.  engelmannii, ABA treatment has been demonstrated to enhance storage
protein accumulation (Flin et al. 1991).  Exogenous ABA is also capable of inducing the
expression of genes coding some LEA proteins in somatic embryos of Picea glauca (Leal
and Misra 1993, Dong and Dunstan 1997) and Pinus edulis (Close et al. 1993). Without
ABA treatment, abnormal fast-growing somatic embryos may develop. This type of
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somatic embryo  is usually ungerminable because of  inadequate preparation for
germination. In somatic embryos of Carum carvi, ABA treatment led to more normal type
of embryo development  than in its absence (Ammirato 1974).
Table 1.
 Induction of somatic embryogenesis and production of plantlets in
gymnosperms.  Selected cases of Picea abies where plantlets were produced.  From
Dunstan et al.  (1995).  IZE, immature zygotic embryos, MZE, mature zygotic embryos,
SE, somatic embryos. 
______________________________________________________________________
Explant          Media           Phytohormones (µM)      Reference  
______________________________________________________________________
IZE  MS 4.5-18 2,4-D, 4.4 BA Chalupa 1985
0.9 2,4-D, 2.2 BA
MZE MS 9.0 2,4-D, 2.2 BA Chalupa 1985
IZE LP 10 2,4-D, 5 BA            Hakman and von Arnold 1985,
Becwar et al.1987
MZE  ½ MS 50 2,4-D,20 BA , Gupta and Durzan 1986b
20 KIN 1986 Boulay et al. 1988
MZE ½ LP 10 NAA, 5 BA    von Arnold 1987
von Arnold and Hakman 1988
MZE  LP 10 2,4-D,5 BA Jain et al. 1988 
IZE  ½ LP 10 NAA, 5 BA von Arnold and Hakman 1988
IZE  LP 9.0 2,4-D, 4.4 BA Becwar et al. 1989
MZE  ½ LP 9.0 2,4-D, 4.4 BA Mo et al. 1989
SE (cotyledonary)  ½ LP 9.0 2,4-D, 4.4 BA Mo et al. 1989
MZE  ½ BLG 10.7 NAA, 4.5 BA Verhagen and Wann 1989
seedling  ½ LP 9.0 2,4-D, 4.4 BA Mo and von Arnold 1991
IZE  LP 5 2,4-D, 5 BA Bozhkov et al. 1992
MZE  ½ LP 10 NAA, 5 BA Bozhkov et al. 1992 
Some spontaneous development of somatic conifer embryos may exist in a hormone-free
medium or with PEG treatment, but in an ABA-(5-45 µM) containing medium
proembryos accumulate triglycerides and storage proteins and develop to mature
cotyledonary somatic embryos (von Arnold and Hakman 1988). 
The first non-spontaneous maturation of coniferous somatic embryos using a low
level of exogenous ABA (0,1-1 µM) was reported by Becwar et al. (1987) for Picea abies
and by Durzan and Gupta (1987) for Pseudotsuga  menziesii.  Higher levels of ABA were
later used in embryo maturation of P. abies (von Arnold and Hakman 1988, Boulay et al.
1988, Dunstan et al. 1988) and  P. sitchensis (Krogstrup et al. 1988) and up to 100 µM
ABA levels are used in conifer embryo cultures (Attree and Fowke 1993).
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Gibberellins also have an important role in embryogenesis. More than 12 GAs
have been identified in conifers (Wang et al. 1996). Developing seeds of  P. glauca
contain GA4 , GA9 and small amounts of GA7 , all of which are also present in somatic
embryos (Kong et al. 1997, 1999). Exogenously added GAs do not have any apparent
influence on development of somatic embryos probably due to sufficient synthesis of
endogenous GAs (Hakman and von Arnold 1985).
2.5.2 Extracellular proteins 
Conditioned media, referring to a fresh medium supplemented with an old medium
without cells, have been observed to induce somatic embryogenesis (Hari 1980). Plant
cells in suspension cultures have been found to secrete several proteins to their growth
medium. These are usually glycoproteins, which may act as signal molecules in
embryogenesis, consisting of hydroxyproline-rich cell wall proteins such as extensin
(Knox 1996).  These usually acidic proteins have a high proportion of carbohydrates (>
90%). For example, arabinogalactan-proteins (AG), either secreted in nutrient medium
from embryogenic cells or extracted from these cells or from seeds, are able to induce
somatic embryo development in non-embryogenic carrot tissue (Kreuger and van Holst
1993). On the other hand, arabinogalactan proteins made by  non-embryogenic tissue may
inhibit embryo development in embryogenic tissue. In somatic embryos of Euphorbia
pulcherrima, AGs are localized primarily in the protodermal cells of globular embryos
(Saare-Surminski et al. 2000).
The extracellular protein EP1 is secreted by  non-embryogenic carrot cells (van
Engelen et al. 1991). In carrot seeds, EP1 are expressed in endosperm (van Engelen et al.
1993) and integuments of developing seeds (van Hengel et al. 1998). Embryogenic cells
and somatic embryos secrete EP2 proteins characterized as  lipid transfer proteins (Sterk
et al. 1991), whereas EP3 proteins, identified as endochitinases, are secreted by
embryogenic and non-embryogenic cells.  EP2 mRNA is expressed in preglobular and
globular embryos, especially in protoderm cells (Sterk et al. 1991).  
Endochitinases (EP3) have been studied in a temperature-sensitive cell line (ts11)
of Daucus carota and have been found to assist somatic embryogenesis in extreme
temperature conditions (de Jong et al. 1992). The ts11 mutant was unable to form
protoderm or  express  EP2 in its protoderm at higher temperatures (LoSchiavo et al.
1990, de Jong et al. 1992).  EP3 protein supplementation in the nutrient medium restored
protoderm development in ts11 proembryos (de Jong et al. 1993).
In embryogenic and non-embryogenic cell lines of P. abies, ABA induced
different extracellular proteins (Egertsdotter and von Arnold 1993). Non-embryogenic
tissue secreted 80 kDa proteins, while embryogenic tissue secreted 70 kDa proteins with
40% identity to antifreeze proteins from the serum of polar water fish (Sabala et al. 1996).
In freezing-treatment embryogenic cells appeared to be more tolerant than non-
embryogenic cells of low temperatures .
Plant chitinases hydrolyse chitin polymers, which are major constituents of cell
walls of many fungi. These proteins work as a part of the plant defence mechanism
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against microbial attack (Fichner et al. 1983), but they are also developmentally regulated.
In somatic embryos of Picea glauca, basic chitinase RNA was abundant during early
development of embryos (0-5 days on maturation medium) (Dong and Dunstan 1997).  In
P.  abies,
 chitinases extracted from the nutrient medium of an embryogenic cell line may
induce embryo development in a non-embryogenic cell line (von Arnold et al. 1995).  
2.5.3 Oligosaccharides and lipo-oligosaccharides
 
Oligosaccharide elicitors from plant and fungal cell wall polysaccharides are capable of
inducing defence responses in plants, such as accumulations of phenylalanine ammonia-
lyase, chalcone synthase, chitinases and phytoalexins (Coté and Hahn 1994, Hahn 1995).
Moreover, they have been shown to play an  important role in plant development. 
Lipo-oligosaccharides belong to the same chitin-containing group of molecules as
nodulation factors (NOD). Rhizobial NOD factors are also able to substitute for auxin and
cytokinin in induction of somatic embryogenesis in tissue cultures of carrot (de Jong et al.
1993) and P. abies (Dyachok et al.  2000).
In temperature-sensitive embryogenic carrot mutant cell line, ts11 endochitinases
may restore embryogenic capacity probably by releasing  NOD factor-like molecules,
which work as signalling factors, from precursors produced by plant cells (de Jong et al.
1993), or by interacting with plant hormones and changing  their  balance. NOD factor-
like chitin derivatives may occur in secondary cell walls of various plants (Benhamou and
Asselin 1989,  McDougall and Fry 1989, Fry et al. 1993). 
2.6   Polyamines
2.6.1 Physiology 
Aliphatic polyamines (spermidine, spermine and their precursor putrescine) are present in
most living cells.  The exact function of these compounds is unknown, but  many studies
indicate their involvement in physiological and developmental events in plants, including
cell division, DNA and protein synthesis, and protection against different kinds of stress.
They have also been shown to participate  in regulation of organogenesis and
embryogenesis, and in some light-induced growth responses (Slocum et al. 1984, Evans
and Malmberg 1989).
Polyamines are, depending on their amino groups, polycations at physiological pH
which can bind to negatively charged macromolecules including phosphates in DNA,
some proteins, and phospholipids. Polyamines may protect DNA from enzyme
degradation, reactive oxygen species (Ha et al. 1998) and thermal denaturation (Thomas
et al. 1991, Khan et al. 1992).  These compounds can also buffer cytoplasm in acid stress
(Slocum et al. 1984) and serve as precursors for several secondary metabolites, such as
some tropane alkaloids and cinnamic acid conjugates, which may function as plant
defence mechanisms (Flores and Martin-Tanguy 1991).  
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Polyamines are present in large quantities in actively growing tissues such as
meristems (Galston and Flores 1991). They are also present, although still with an
unknown function, in developing embryos and will accumulate in relatively high
quantities in resting seeds (to more than 1000 nmol g-1 FW) (Felix and Harr 1987).
Despite polyamine- synthesizing enzymes appearing to have very short half lives, seeds
may store polyamines for  the initial phases of germination/nitrogen cycling or for other
aims. 
An accumulation of polyamines in seeds differs from the accumulation of plant
hormones, cytokinins and auxin, the levels of which are high in the endosperm of some
cereals shortly after fertilization, whereas in embryos their levels are almost undetectable
(Jones et al. 1992, Jensen and Bandurski 1994, Morris 1997).  By contrast  in  seeds of
Avena fatua
 and Oryza sativa, polyamines accumulate in embryos, but  their levels in
endosperms are low (Felix and Harr 1987).  Dicotyledonous plants accumulated
polyamines in the embryonic axis and in the storage organs. Polyamines are probably
needed in germination because during germination their synthesis usually increases in
cotyledons (dicotyledonous plants) and  in endosperm (monocotyledonous plants). Break
of dormancy of Euonymus europaeus embryos by GA3  induced ADC activity in seeds
before germination.  Polyamine synthesis, however, activated also in aleurone layer cells
of de-embryonated seeds of Hordeum vulgare after imbibition which indicates that  GA3
has not effect on polyamine synthesis (Lin 1984). Furthermore the ADC inhibitor,
DFMA, inhibits germination even in GA3-treated seeds (Béranger-Novat et al. 1994). In
developing seeds of Phaseolus coccineus, labelled Put was rapidly translocated to
cotyledons and primary leaflets via suspensor cells (Nagl 1990). The label was
accumulated in protein bodies and cell walls (Mizrahi et al. 1989). Studies on subcellular
localization of polyamine-synthesizing enzymes and polyamines themselves are very few.
In somatic embryos of Picea glauca, polyamines are localized in the nucleus and nucleoli,
especially in rapidly dividing embryonic cells (Amarasinghe and Carlson 1994).
Particularly high Spd and Spm levels were evident in the interphase cells. However,
polyamines did not localize in the condensed chromatin during mitosis.
2.6.2 Synthesis
 
In plant cells, Put (diamine) is synthesized from Arg and/or Orn by ADC and ODC,
respectively.  Arg and Orn are synthesized from each other in the urea cycle (Fig. 1). Glu
is the main precursor of Orn (Thompson 1980). Polyamine levels are accurately regulated
and corresponding activities are affected by hormones and environmental factors such as
light, nutrient deficiency and pH (Slocum et al. 1984). 
Spd (triamine) and Spm (tetraamine) result from sequential additions of
aminopropyl moiety first to Put and then to Spd from decarboxylated SAM (Fig. 1).
Aminopropyl moieties are transferred to Put and to Spd by spermidine and spermine
synthases, respectively (Smith 1985, Pegg 1986).
The distribution and activity of ADC and ODC in different tissues and plants are
regulated in a developmental and tissue-specific manner (Minocha et al. 1995). In 
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etiolated peas, for example, the PrPfr transition of phytochrome increases ADC activity
in buds, while decreasing activity in epicotyls (Dai and Galston 1981).  In animal cells
ODC is further negatively regulated by polyamines which at high levels activate a rapid
degradation of the enzyme. Synthesis of a  non-enzyme protein called antizyme regulates
ODC by binding to the enzyme protein and very strongly inhibiting its activity and
targeting it for degradation (Hayashi et al. 1996).
2.6.3   Degradation 
Di- and polyamines are degraded via the oxidating enzymes DAO and PAO (Fig. 1). Pea
seedlings are the most active source of polyamine-degrading DAO (Smith 1985). This
enzyme will oxidize a large range of substrates, but aliphatic amines Cad, Put and Spd are
most  actively oxidized (Smith 1974). Put is degraded to NH3 and pyrroline, and Spd to
NH3 and aminopropylpyrroline. In aerobic conditions, H2O2 is formed in DAO and PAO
reactions (Yamasaki et al. 1970). Immunocytochemical studies with lentils provide
evidence for an association between DAO and cell walls (Federico et al. 1985).
The presence of PAO has first been reported in a Hordeum vulgare, but it occurs
throughout the Graminae.  PAO has a more narrow substrate specificity than DAO, and
it oxidizes Spd to pyrroline, DAP and H2O2 , and Spm to aminopropylpyrroline, DAP and
H2O2. The optimum pH for Spd is 7-8 and for Spm 4.8  (Smith 1974). Higher activity was
seen in cell wall debris, and histochemical tests showed that it is particularly active in the
vascular system (Kaur-Sawhney et al. 1981). The enzyme is extractable with 0.5 M salt,
and protoplasts isolated from oat leaf cells revealed no enzyme activity, indicating that
this enzyme is located in a cell wall matrix.
In plant cells, pyrroline is further metabolized by the enzyme pyrroline
dehydrogenase which oxidize it to GABA (Flores and Filner 1985) (Fig. 1).
Aminoaldehyde dehydrogenase (pyrroline dehydrogenase) from Pisum sativum epicotyls
is also able to oxidize 3-amino-propionaldehyde (oxidation product of DAP) to -alanine
and indole-3-acetaldehyde to IAA (Awal et al. 1997).   
2.6.4 Conjugation
Phenolic amides
Conjugated polyamines, such as hydroxycinnamic acid amides (caffeoyl, coumaroyl and
feruloyl conjugates), have also been shown to occur at high levels in plants and to
correlate with developmental events. These phenolic amides accumulate in large amounts
in meristems, flowers and seeds (Martin-Tanguy 1985). If the synthesis of phenolic
partners is inhibited by PAL-activity-inhibitor L--aminooxy--phenylpropionic acid (L-
AOPP), cell division increases in suspension-cultured Glycine max cells (Mader and
Hanke 1997). Aliphatic amines (Put, Spd and Spm) appear as water-soluble forms,
whereas conjugates with aromatic amines as well as aliphatic amines that use each
terminal amino group to bind cinnamic acid are water insoluble (Martin-Tanguy 1997).
25
During floral initiation  different classes of amine conjugates associate with different
floral organs.  For example, in Nicotiana, soluble forms occur in female organs and
insoluble forms in male organs (Martin-Tanguy et al. 1978).  These phenolic amides are
also reported to bind covalently to the cell wall matrix in lignin-like structures (Clarke
1982).
Proteins
 
Polyamines influence the proteins in many different ways by (I) regulating their synthesis,
(ii) regulating their degradation and (iii) modifying their chemical and physical nature by
incorporating them. Polyamines are known to bind proteins by the activity of
transglutaminase enzymes (Tgases), which in addition to protein-protein interactions may
also catalyse protein-polyamine interactions (Folk 1980, Serafini-Fracassini et al. 1995).
These Ca2+ -dependent acyl transferases catalyse reactions where the -
carboxamide groups of peptide-bound residues are the acyl donors and primary amino
groups of a variety of compounds (e.g. polyamines) function as acyl acceptors.
Transglutaminases cross-link proteins modifying them posttranslationally  by changing
the charge of proteins and  forming bridges within  or between the proteins (Serafini-
Fracassini et al. 1995). Covalently cross-linking of proteins may, for example, protect
protein against proteolysis (Greenberg et al.1991). 
In dividing cells of  Helianthus tuberosus, polyamines were bound in 17 500 and
19 000 Da proteins during G1 phase and in 66 000 Da proteins in S phase. During the cell
cycle high levels of polyamines were also bound to proteins remaining in the wells of the
SDS-gel (Serafini-Fracassini et al. 1989). In cultured L-132 human lung cells, polyamine
depletion inhibited the degradation of long-living proteins concomitantly with the
decreasing the half-life of short-living proteins (Corella et al. 1998). 
2.6.5 Plant cell walls
Plant cell walls have an important role in cell growth and differentiation. Small,
embryogenic Daucus cells expand after tunicamycin treatment and embryogenesis
becomes inhibited. Secreted peroxidases restore embryogenesis probably by inhibiting
cell expansion (Cordewener et al. 1991). Peroxidases modify cell walls during cell
differentiation by catalysing  cross-linking reactions involved in polysaccharide, lignin,
suberin  and cutin biosyntheses (Rea et al. 1998, Laurenzi et al.  1999). These reactions
seem to be controlled by H2O2 , produced by many oxidating enzymes (e.g. DAO and
PAO).
New roots and primordial shoots can be distinguished from unorganized callus
cells by their organized patterns of cell wall formation (Minocha 1987). Cell wall
composition  appears to change during plant growth and development. Cell wall
polysaccharides turn over extensively during early developmental stages. In Asparagus
somatic embryos, the level of cell wall cellulose is low and increases when embryos
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germinate, while the pectic polysaccharide level decreases from 40-50% to approximately
20% (Yeo et al.1998). In embryogenic Daucus calli, pectic fractions contain more neutral
sugars, whereas in non-embryogenic calli acidic sugars were found to positively correlate
with loose interactions between cells (Kikuchi et al.1995). In solution, polyamines are
able to bind pectin thereby lowering pH, which may indicate that pectin-polyamine
association is one of the many factors regulating cell wall expansion (Dórazi and Bagni
1987). 
Polyamines  Spd3+ and Spm4+ may displace Ca2+ ions, blocking the signal
transduction cascade initiated by changes in galacturonic acid polymer conformation after
Ca 2+ binding (Messiaen et al.1997, Messiaen and van Custem 1999). When polyamine
synthesis is inhibited, the middle lamella may decompose and cells enlarge (Berta et
al.1997). In suspension-cultured carrot cell walls, polyamine levels in pectic substances
vary depending on the developmental stage of cultures, the activity of degrading enzymes
and the Ca2+ content in the cell wall (Mariani et al. 1989). 
3. MATERIALS AND METHODS
3.1  Callus cultures (I, II, III, IV)
Embryo and megagametophyte callus lines of Picea abies (L.)  Karsten (Norway spruce)
initiated from seeds collected from different  parts of Finland were used as explants in
callus initiation. Seeds were vernalized approximately for 3 weeks, surface sterilized and
peeled. Embryos were dissected from megagametophytes and placed separately on Petri
dishes in a callus induction medium  (Simola and Honkanen 1983) without polyamine
supplements. A small piece from suspensor heads of seeds was removed to avoid mixing
of diploid suspensor cells and haploid megagametophyte cells as described by Simola and
Honkanen (1983).
Embryogenic tissue is able to recognize under a light microscope as white glassy
tissue with small dense cytoplasmic cells and long narrow vacuolized cells and often also
proliferating proembryos including the embryo proper and suspensors. Whereas a non-
embryogenic callus often differentiates in light into green chloroplast-containing
mesophyll-like cells, which may sometimes go through xylogenesis, white, non-
embryogenic tissue is usually looser and cells are larger,  vacuolized and do not form
organized aggregates. These cells may also turn yellowish or light green in light.    
3.2  Seeds (V)
Branches of P. abies with cones were collected in August ( week 35) from Tuupovaara
and were either stored in tap water in outdoor containers (maturing seeds) or vernalized
in a cold room (+4(C) for 3 weeks (vernalized seeds). 
27
Table 2. Callus lines used in experiments.
Initiation     Origin      Embryogenerity     Colour         Line        Experiment
 year
 1982 Megagametophyte        -              Green    4       I
 1983     Megagametophyte        -              White          15       II, III, IV
 1983     Megagametophyte        +           White          28       I
 1985          Embryo                    -              Green            3               I  
 1985        Embryo                  +           White          68       I
 1986        Embryo                  +             White          36               II, III, IV  
3.3    Induction of somatic embryos
3.3.1 Culture conditions for embryo production (I)
A callus initiation medium (Simola & Honkanen 1983), which was excellent for induction
of embryo and megagametophyte calli, does not work well in induction of embryogenesis,
thus a  new mineral nutrient media was needed.
The ratios of new T- macroelements (N:K:P:Mg:Ca:S) were similar to those used
for callus cultures of Betula pendula (Simola 1985), and different molar ratios of NH4+
and NO3- (1:2 and 1:4) could be tested without changing the total level of nitrogen.  The
basic changes in the new nutrient media were consisted with the minimum and maximum
needs of single minerals for embryogenic cultures of Pinus taeda (Teasdale et al. 1986).
In this work, the basic medium was planned according to the analysis of the mineral
environment (archegonia, erosion zones and gametophytes) of developing seed embryos
of Pseudotsuga menziesii (Litvay et al. 1981). This research revealed that conifer embryos
develop in a more concentrated microelement environment than that which is usually used
in tissue culture media, for instance MS (Murashige and Skoog 1962). Therefore, our new
microelement solution (SS) contained higher Zn (>1.5 x), H3BO3 (2 x), Co (5 x), I  (5 x),
and Cu (10 x) levels than have in the MS-microelement combination. Additionally, the
composition was supplemented with a low level of Ni (0.1 µM), which is needed in
urease-reaction (Klucas et al. 1983). 
The basic idea was to investigate the effect of different macro nutrient salt
combinations, such as N6 (Chu et al.  1975)  and T (Table 1/I), the ratio of NH4+ to NO3-
as nitrogen sources and organic nitrogen, microelements MS (Murashige and Skoog
1962) and SS (I), and 4 different auxin and cytokinin combinations (Table 4) on the
growth habit and capacity to produce somatic embryos in our material.
Four callus lines (3, 4, 28, 68, Table 2) were cultured on 6 different media (Table
3) with 4 combinations of 2,4-D and Kin (A-D, Table 4) for 4 weeks, and their growth on
these 24 media was determined from dry weights. Embryogenic capacity of
megagametophyte callus line 28 on different preculturing media was investigated by
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plating small callus pieces in nutrient media and counting proembryos present/culture
using a modified method of Becwar et al. (1987).
3.3.2 Maturation of somatic embryos (I, II, III, IV)
The combination of  low  levels  (1 µM each) of auxin and ABA (Picea abies, Becwar
et al. 1987) did not yield good results in our studies, but a higher amount of ABA
without auxin supplement induced good maturation of somatic proembryos of  P. abies. 
The maturation of proembryos was possible after transferring callus pieces to
the maturation medium 2 ABA (basal medium 2, Table 3, supplemented with 5 µM
ABA). Mature embryos were counted after 4 weeks culture on this medium (I). 
Proembryos in megagametophyte cell line 28 (Table 2) did not mature on this medium, 
but  higher concentration (20 µM) indused maturation  of some embryos (unpublished
results). Therefore, after preliminary tests  (1, 5, 10, 20 µM ABA) 10 µM ABA
concentration was chosen for further experiments.  
Table 3.  Nutrient media combinations (1-6) for studies of growth and embryogenesis
in callus cultures of P. abies.
                     Components                           Media
                                                                            1*      2        3        4         5        6
N6-macroelements (Chu et al. 1975)
T-macroelements (I) with:
NH4:NO3         1:2   
   "         1:4
Fe NaEDTA            36.7 g/ l
                                45.8 g/ l                                   
MS-microelements (Murashige and Skoog
1962)   
SS-microelements          
Organic nitrogen:  CH 100 mg/ l +  
Arg  0.25 mM +  Gln  0.50 mM
MS-vitamins  (Murashige and Skoog
1962)
Myo-inositol    0.56 mM
Sucrose                 58 mM 
pH                       5.6
Agar                      7.0 g/ l
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
 
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x 
x
* When medium 1 is used as callus induction medium it has a different organic
nitrogen source: Casein hydrolysate  1000 mg/ l  + 500 mg/ l Gln (Simola and
Honkanen 1983)
x = included to media
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Table 4.
 Combinations of plant growth regulators of preculturing media
A: 2,4-D 10 )M and Kin 2.5 )M
B: 2,4-D 10 )M and Kin 5)M 
C: IBA 0.5)M and Kin 5)M 
D: IBA 0.5 )M and Kin 25 )M.
3.4  Polyamine analysis (II, IV, V)
Cultures: After 4 weeks preculture of callus cultures on a basal medium 5 (Table 3) with
cytokinin-auxin combination A (Table 4) embryos were incubated for 26 days on
maturation medium 2ABA (10 µM). Samples for polyamine analysis were collected on
days 1, 5,11,18 and 25, frozen in liquid nitrogen and freeze-dried. In the first experiments,
embryos were produced on solid media (II).  Embryo development was not so
synchronous or numerous on solid media as in the later studies in liquid media (IV), new
embryos, however, did develop contiguously. Thus, samples included several
developmental stages of embryos as well as undifferentiated callus. At days 1 and 5,
embryogenic tissue contained proliferating small proembryos (PE). At day 11, embryos
were globular (GE). At day 18  embryos elongated to bipolar club-shaped structures
(CSE), and at day 25 cotyledons developed (CE).
In later studies, cells were first precultured in liquid medium 5 A (III, IV) and for
2 one-week periods in liquid medium 2ABA and then for 4 weeks on solid 2ABA-
medium.  For DAO and PAO analysis (III) samples were analysed at 5 different stage of
embryo development in embryogenic tissue. 1) after 1 day in 2 ABA liquid medium (PE),
2) after 1 week in 2ABA liquid medium (PE), 3) after 2 weeks in 2 ABA liquid medium
(GE), 4) after 2 weeks on solid 2 ABA medium (CSE), 5) after 4 weeks on solid 2 ABA
medium (CE).  In this last stage embryos and non-differentiating tissue were analysed
separately.  
For polyamine analysis after 14C-Put feeding (IV) samples were collected at 3
different developmental stages of somatic embryos. 1) after one week in liquid medium
2 ABA.  At  this stage early embryos (PE) were impossible to separate from tissue due to
their small sizes, 2) after two weeks in liquid medium 2 ABA embryos were globular
(GE), in this stage only free polyamines were analysed due to failure in analysis of bound
and conjugated samples , 3)  after four weeks on solid medium 2 ABA embryos were
cotyledonous (CE). At this stage cotyledonous embryos were detached from
undifferentiated tissue and analysed separately (IV). Non-embryogenic tissue was
cultured and analysed similarly.
Polyamine extractions (II, IV, V): The callus samples (50 mg, DW) and embryos and
megagametophytes (100 mg, FW) were ground in a mortar with 0.2 M perchloric acid
(PCA, 3 ml) in an ice bath. The homogenate was left to stand for 30 min, and then
centrifuged for 15 min at 20 000 x g.  The supernatant was divided into two equal
portions for determination of free and conjugated polyamines. The residual pellets were
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washed twice with PCA and divided into two equal portions for determination of bound
polyamines and proteins. 
Hydrolysis of conjugated and bound polyamines (II, IV, V):  One-half of the
supernatant and pellet were hydrolysed for liberation of conjugated polyamines from
PCA-fraction and bound polyamines from pellet-fraction in equal amounts of 12 M HCl
for 16-18 h at 110(C, according to Tiburcio et al. (1985). Hydrolysed, cooled supernatant
and pellet fractions were filtered through glass wool (in a syringe) and dried in a vacuum
desiccator.
Derivatization of polyamines for sensitive detection (II, IV, V)
 
Benzoylation (II): The evaporated residues of unhydrolysed and hydrolysed samples
were dissolved in 0.2 ml of 0.2 M PCA and benzoylated according to Redmond and
Tseng (1979). 2 N NaOH (1 ml) and benzoyl chloride (10 µl) were added to the PCA
extract (200 µl), and the solutions were mixed for 30 s. The samples were incubated for
20 min at room temperature. Reaction was stopped with saturated NaCl (1 ml), and
Benzoylated polyamines were extracted with diethyl ether (2 ml).  Half of the diethyl
ether phase was evaporated and the residue dissolved in 70% methanol, and then filtered
through a Millipore filter (0.45 µ).
D a n s y l a t i o n  ( I V ,  V ) :
 N a 2 C O 3  ( 5 0  m g )  a n d  d a n s y l - C l  ( 2 0 0  µ l ,  5 -
dimethylaminonaphthalene-1-sulfonyl chloride 10 mg/ ml acetone) were added to 100 µl
of unhydrolysed and hydrolysed samples, which were then mixed and incubated for 30-60
min at 60(C. To remove extra dansyl-Cl, proline [100 )l (150 mg/ml H2O)] was added,
mixed and incubated for 30 min (Smith and Davies 1985). Polyamines were then
extracted into 6 ml of diethylether. The diethylether (5 ml) was evaporated and the residue
dissolved in 70% methanol and filtered as above.
Liquid Chromatography (LC) of benzoyl polyamines (II):
 Semiautomatic liquid
chromatography ("MiliChrome 90") was used to separate the benzoyl derivatives in
reversed phase column (Spherisorb, C18, 2.0 x 64 mm, 5 )m particle size). For elution, an
isocratic system (water:methanol, 35:65) was used, and polyamines were detected at 260
nm with a UV-detector. 
High Performance Liquid Chromatography (HPLC) of dansylated polyamines
(IV,V):
HPLC-system consisted of a Beckman System Gold Solvent Module 126 pump and a
Spectra Physics autosampler with 20 )l loop. The scanning Fluorescence Detector
(Waters) was connected to the system by a System Gold Analog Interface  Module 406
(Beckman).  Polyamines were separated in an Ultrasphere IP C18-column (250 x 46 mm,
5 µ particle size) using a gradient of methanol/water (60% to 100% over 23 min) at a flow
rate of 1.5 ml/ min  according to Smith and Davies (1985), and detected by a fluorescence
detector with excitation and emission wavelengths of 365 and 510 nm, respectively.
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3.5    SAMdc-analyses (II)
Enzyme extraction:  Embryogenic and non-embryogenic calli after 1, 5, 11, 18 and 25
days on an ABA-medium were extracted with 100 mM Tris-HCl buffer with 10 mM
DTT, 1 mM EDTA and 1.5% polyclar AT (insoluble) at pH 7.2 (1 g/1.5 ml buffer).
Proteins were partially purified by (NH4)2SO4 precipitation and by gel filtration
(Sephadex 25). 
Enzyme assays: 1-14C-SAM (0.1 µCi) was used together with "cold" non-labelled SAM
(0.170 mM) as substrate in the enzyme assay according to Yamanoha and Cohen (1985).
SAMdc liberates
 
from the substrate
 
 
14CO2, which was collected in filter paper with
soluene, on the top of the plugged tube.  After 60 min at 30°C, the reaction was stopped
with 10% TCA. Samples were incubated for 30 min to release CO2 from the reaction
mixture to the filter paper strip. Filter papers were placed in a scintillation cocktail
(Aquasure, Du Pont) and counted in a liquid scintillation spectrometer (Wallac). The
enzyme activity was announced as units that decarboxylated 1 nmol of 14CO2 in 1 min. 
3.6    DAO and PAO analysis (III)
Enzyme extraction:
 Tissues were homogenized  in a  K-phosphate buffer,  pH 8 (100
mM) with 2 mM DTT (1g/3 ml buffer). The homogenate was used in diamine and
polyamine oxidase determinations because DAO and PAO are localized in plant cell
walls, whereas pyrroline dehydrogenase is a cytoplasmic enzyme (Flores and Filner
1985).
Enzyme analysis:
 1,414C-putrescine and 1,414C-spermidine with cold polyamines (0.1
mM Put and Spd) were used as substrates in diamine and polyamine oxidase analysis,
respect ively .  DAO in  homogenate  degrades  Put  in to  NH 3 ,  H 2 O 2  and  -
aminobutyraldehyde, which cyclises into pyrroline in an alkaline reaction mixture after
addition of NaOH (4 M). PAO degrades spermidine into H2O2, 1,3-DAP and pyrroline
(Kobayashi and Horikoshi 1982). Labelled pyrroline was extracted into toluene and
counted in the scintillation cocktail by scintillation spectrometry. Labelled, water-soluble
substrates (Put and Spd) remained in the reaction mixture.
3.7  Pyrroline dehydrogenase analysis (III) 
For determination of pyrroline dehydrogenase activity, NAD (1 mM) was added in some
DAO and PAO reaction mixtures before NaOH addition.  Pyrroline dehydrogenase
oxidates 14C-pyrroline into 14C-GABA in the presence of NAD (Flores and Filner 1985).
Enzyme activity was followed by measuring disappearance of labelled pyrroline from the
toluene phase. Entries of the labelled GABA into the reaction mixture were followed by
TLC (see 2.9 TLC). Radioactivity in GABA spots was measured in the scintillation
spectrometer.
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3.8  Feeding experiments (IV,V) 
Putrescine into embryogenic and non-embryogenic tissues: 1 µCi (37 kBq) of 1,414C-
putrescine was fed for 2 h into embryogenic and non-embryogenic tissues after: 1) one
week  in 2 ABA liquid media (PE stage of embryogenic tissue), 2) after 2 weeks in 2
ABA liquid media (GE stage of somatic embryos, and 3) after 4 weeks on solid 2 ABA
media (CE stage of somatic embryos). Putrescine catabolism was followed by collecting
liberated 14CO2 into filter paper discs on the top of incubation flasks. After incubation,
samples were washed with water until radioactivity diminished to an almost undetectable
level. Incorporation of the label from 1,414C-putrescine into other polyamines, proteins
and cell wall material was counted in the scintillation spectrometer. Polyamines were
quantified as in earlier studies. Samples of 1.5 ml from HPLC polyamine runs were
collected for radio activity analysis of individual polyamines.  
Arginine ornithine and spermidine into immature and vernalized seeds: 
 L-U-14C-
arginine and -ornithine 2.5 µCi (92.5 kBq) were fed for 3 h into immature and vernalized
embryos and endosperms in a 1:1 diluted mineral nutrient medium (5, table 3) containing
unlabelled Arg or Orn (0.1 mM) and sucrose (1 mM). Decarboxylation activity of
arginine and ornithine was followed by collecting liberated 14CO2 in filter paper discs
containing basic soluene.  2.5 µCi 1,4 14C Spd was fed like Arg and Orn with 0.1 mM
unlabelled Spd. After incubation, embryos and megagametophytes were washed with
incubation media and water, freeze-dried, and stored in the desiccator until analysed.
Polyamines were analysed as above after PCA extraction. Incorporation of a label from
arginine and ornithine into other amino acids, polyamines, proteins and cell wall debris
was counted in the scintillation spectrometer.  From Spd fed embryos and
megagametophytes only proteins were extracted for SDS-gel electrophoresis and PI
analysis. 
3.9   TLC
GABA determination (III): GABA was determined from DAO and PAO reaction
mixtures after NAD addition by running samples on silica-gel thin-layer chromatography
plates (LK6D) with GABA-standard, using butanol: acetic acid: water (4:1:1) as running
buffer (Flores and Filner 1985). Plates were  dried and stained with ninhydrin. GABA
spots were scraped from plates and their radioactivities were measured by scintillation
spectrometer.
Amino acids (V):
 Amino acids were analysed from PCA extracts and protein
hydrolysates which were first evaporated to dryness, dissolved in ethanol and purified in
a cation-exchange resin (AG 50 W x 8, 100-200 mesh). Amino acids were then detected
with two-dimensional TLC (cellulose, Polygram cell 300, Macherey, Nagel) using 1-
butanol: acetone: ammonia: H2O (40:40:20:8, v/v) as the first solvent system and 2-
propanol: formic acid: H2O (80:4:20 v/v) as the second solvent system (Pillay and Mehdi
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1970). Amino acids were stained with ninhydrin and identified with the help of standard
amino acids.
Preparation of dansyl-polyamines in protein hydrolysates (V) 
Protein hydrolysates were dansylated and dansylpolyamines were extracted in ether and
after evaporation dissolved in chloroform. Samples were run with standards (Put, Spd,
S p m  a n d  D A P )  i n  T L C  p l a t e s  ( D C - a l u f o l i e n  6 0 F ,  n e u t r a l  ( E )  w i t h
chloroform:dioxane:iso-butanol) (Seiler 1971). Plates with fluorescent polyamine spots
were photographed under UV light  (345 nm).  Radioactivities of polyamine spots were
measured by liquid scintillation spectrometer.  
3.10  Proteins (II, III, IV, IV)
Extractions of PCA-precipitated proteins: Polyamine extraction with 0.2 M PCA
precipitated most proteins in the cell wall debris after centrifugation. Proteins were
extracted from pellets with 0.5 M NaOH by dissolving pellets in NaOH, incubating for 30
min in an ice bath and centrifuging for 15 min. Proteins were quantified according to
Bradford (1976) using bovine serum albumin as a standard protein. 
SDS-PAGE: Proteins extracted in NaOH were converted in Tris-HCl buffer pH 8 in a
Sephadex-G-25 column before electrophoresis (IV, V), or were extracted in Tris-HCl
buffer pH 6.8, including 2% SDS (V). Polypeptides were separated in a 12.5% polyacryl
amide gel. SDS-gels were stained with Coomassie Brilliant  Blue and dried with gel-dryer
between filter paper and plastic membrane before Phospho Imaging analysis.
3.11  Imaging analysis of amino acids and proteins (V) 
Radioactivity was analysed by exposing Fuji´s Phospho Imaging Plate (IP) with TLC-
plate (amino acids) and dried SDS-gels (proteins) for 7- 30 days, and reading the exposed
plate by IP Reader (Bio-Imaging Analyzer BAS-1500). 
4. RESULTS AND DISCUSSION
4.1   Effect of organic nitrogen on callus growth and somatic embryogenesis
Organic nitrogen is energetically inexpensive and useful nitrogen source for plant cells, in
which nitrate- and ammonium- assimilating mechanisms are not fully operative (Kirby et
al. 1987) and it is frequently used to stimulate the growth of cultured plant cells and
tissues. 
Casein hydrolysate (CH) is an undefined composition of different amino acids
which is used with glutamine as source of organic nitrogen on initiation and maintenance
media for embryogenic calli of conifer species P. abies (Simola and Honkanen 1983,
Hakman et al. 1985), Pseudotsuga menziesii (Durzan and Gupta 1987), Pinus
lambertiana (Gupta and Durzan 1986a), Pinus taeda (Gupta and Durzan 1987), and Larix
decidua
 (Nagmani and Bonga 1985, von Aderkas and Bonga 1988). CH (1000 mg/l) with
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Gln (500 mg/l) significantly increased the proliferation rate of an embryogenic callus of
Abies normanniana
 on ½ MS-medium (Nørgaard and Krogstrup 1991). High levels of
CH with Gln induced callus formation in microspore cultures of P. abies, but prolonged
callus growth does not need any organic nitrogen (Simola and Huhtinen 1986).
As shown in the present work, organic nitrogen (100 mg/l CH + 0.25 mM Arg +
0.50 mM Gln) caused a  different  effect on the growth of embryogenic and non-
embryogenic callus cultures of Picea abies, markedly increasing the growth of
embryogenic white cell lines, whereas non-embryonic green calli grew equally well in
media without organic nitrogen (Figs 1 and 2/I). Organic nitrogen favours also the growth
of somatic proembryos in the embryogenic callus (Table 4/I). 
When developing coniferous zygotic embryos grow to the corrosion region, they
digest and absorb cellular metabolites (Raghavan and Sharma 1995).  These developing
embryos also take nitrogen as amino acids from the endosperm of the mother plant
probably due to their inability to use inorganic nitrogen (Naylor 1984), which may
explain why also somatic embryos prefer organic nitrogen.      
Low levels of some amino acids had an influence on the later development of
somatic embryos on the 2 ABA-medium as well. Superior embryos were produced when
calli were precultured on media  with organic nitrogen supplement (CH 100 mg/l + Arg
0.25 mM + Gln 0.50 mM) (nutrient media 2 and 5 with growth regulator combinations A
and B, Table  4/I). In later studies, CH was compensated with Arg and Gln or with a
combination of low levels of some amino acids. The embryogenic response of different
cell lines may, however, vary depending upon different amino acid supplements
(unpublished results).
4.2  Effect of plant growth regulators on somatic embryogenesis (I) 
Plant growth regulators (auxins and cytokinins) are usually needed to induce and maintain
the embryogenic callus of most conifers. In an embryogenic megagametophyte callus line
of P. abies, more proembryos were present on media supplemented with 10 µM  2,4-D
and 2.5 µM Kin (Combination A, Table 3/I) from amongst the 4 auxin-cytokinin
combination tested (Table 4). Twofold Kin content (B, Table 4) slightly reduced
proembryo development on 2 nutrient media (media 3 and 5, Table 3).
If cytokinin concentration was kept unchanged (2.5 µM Kin) and the auxin to
cytokinin ratio was decreased to 1:5 (0.5 µM IBA), proembryo development declined on
4 nutrient media (media 2, 3, 5, 6, Table 3) and deformed embryos developed on the
maturation medium 2 ABA (Table 4/I). When cytokinin concentration was increased on
preculturing media to 25 µM while auxin level was low (0.5 µM IBA), embryo
development was slow on the 2 ABA medium and embryos failed to mature,  instead
germinating  precociously with only the roots developing (Table 4/I).
Changing the auxin to cytokinin ratio approximately to 1:1 (5-50 µM 2 iP + 5.5-
55 µM IAA+ 0.45 µM 2,4-D) resulted in the formation of well-developed buds in an
embryogenic callus of P. abies. Buds opened when calli were transferred to a medium
without growth regulators (unpublished results).
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Phytohormones are also produced to some extent in somatic embryos. Maturing
somatic embryos of Picea glauca have been shown to synthesize IAA (Kong et al. 1999).
Culture of developing embryos in the presence of osmoregulator PEG further enhanced
IAA synthesis as well as embryo development. A marked increase in IAA level took
place in somatic embryos of P. abies after transfer to an ABA-containing maturation
medium (Vágner et al. 1999). The most abundant cytokinin in these embryos was 2iP
which decreased in the maturation medium, whereas the iPa level increased at a later
stage.
According to earlier results mature embryos of P. abies usually germinated if left
on ABA-containing medium or transferred to a medium without growth regulators.
However, root and shoot apical meristem growth were often inhibited. Good roots
developed withing 2 weeks in 13-56% of embryos when the embryos were placed on
rooting medium (basal medium 2, table 2) with their cotyledons embedded into agar and
wetted filter paper on the lid of the Petri dish. Dishes were incubated upside down so that
roots were naturally oriented. Organic nitrogen (CH 100 mg/l+ Arg 0.25 mM+ Gln 0.5
mM) with GA3 facilitated germination. GA3 and an increase in sucrose content from 2%
to 4% were able to compensate for the lack of organic nitrogen (Table 5). Auxin (IBA, 1
)M) inhibited root growth even in the presence of organic nitrogen (unpublished results,
Table 5). In addition to rooting medium, the age of starting material of somatic embryos
influenced germination percentages and activity of apical shoot meristem in germinated
plantlets. Embryogenic competence as well as germination ability of somatic embryos
usually weakened in long-time subcultured calli, with somatic embryos that were induced
in younger material typically germinating most easily (>90%, unpublished result).
Table 5.
 The effect  of sucrose level, organic nitrogen (CH 100 mg/l, Arg 0.25 mM and
Gln 0.5 mM), GA3 and IBA on induction of root growth in somatic embryos of P. abies.
16 somatic embryos were used in each treatment. A and B indicate two successive
experiments. 
   Treatment    Root growth
induction %
Sucrose      Org N        GA3             IBA 
    %                            3µ M      1 µ M
      Experiment       
        A       B 
   2          -               -          - 
   4          -            -          -
   4          x            -          -
   4           -            x          -
   4           x            x          -
   4          -            -          x
   4          x            -          x
         0      -
        29    25 
        40    44 
        38    25
        50    56
        13      0    
          0      0
(-)= not tested
x= included on rooting medium
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4.3 Polyamine levels during somatic embryogenesis (II, IV)
At the beginning of the culture on ABA-containing maturation media Put level was high
in embryogenic and non-embryogenic tissue types.  The high Put level may result from
the 2,4-D- and Kin-containing proliferation medium, where cell division is usually more
active than in ABA media. During the next 5 days the Put level decreased, however, in
both tissues likely being  partly used for Spd synthesis. Put was also conjugated in both
tissues, but bound forms were not detected (Figs 2 and 3/II). Spd levels were different in
the two tissue lines studied. In embryogenic tissue, Spd content (free and bound)
increased with a simultaneous decrease in free and conjugated Put being at the highest
level in globular embryos (at the 11th day). At the 1st day (PE stage), the conjugated Spd
level was very high in embryogenic tissue, with a marked  lowering by the 11th day (GE
stage). The levels of conjugated and bound Spd were lower in non-embryogenic tissue
than in embryogenic tissue during culture on 2 ABA medium, and the level of free Spd
steadily decreased, being at its lowest in the 11th day (Figs 2 and 3/II). 
Embryo development was more synchronous and embryo production more
effective in suspension cultures than in callus cultures of P. abies. This enabled separation
of an adequate amount of developing embryos at the same developmental stage from non-
differentiating tissue for analysis in latest studies (IV). The same tendency was found in
polyamine status of suspension-cultured embryogenic tissues as in an earlier study with
callus cultures. At the beginning of culturing, the Put amounts in both tissues (callus, Figs
2 and 3/II and suspension cultures, Fig. 2/IV) were higher than Spd amounts. In the non-
embryogenic cell line, however, the free Spd level did not fall markedly in any stages in
suspension cultures as it did in callus cultures.  Tissues precultured in liquid media finally
grew in solid media (III stage) and the amount of conjugated Spd, in particular,  rose to a
higher level in cotyledonary embryos (CE stage) than in non-embryogenic tissue (Fig.
2/IV).
Carrot cell cultures have been used as a model system for studies of regulation
of somatic embryogenesis in plants. In the early stage, embryos grow via cell division of
a small proembryo, and in later stages, storage material accumulates and cells enlarge.
Connections between cell division, differentiation and polyamines have been studied in
systems where  meristematic, actively dividing tissues are induced or in quiescent cells
such as in dormant tubers that have been stimulated to divide (Serafini-Fracassini et al.
1980, Phillips et al.  1987, Torrigiani et al. 1987). In sugar beet (Beta vulgaris) cells, fast
polyamine synthesis by ODC preceded transition from quiescence to division (Fowler et
al.1996). Highly embryogenic explants from Medicago sativa leaves generated embryonal
meristems in embryogenesis-inducing medium (EIM), whereas in a callus-inducing
medium (CIM), cell division activity was slower, but cells were bigger, and polyamine
levels were lower (Cvikrová et al. 1999). 
DFMA (1 mM), the specific inhibitor of ADC exhibited an almost 50%
reduction in embryo formation in suspension-cultured cells of Daucus carota. Put and
Spd levels fell simultaneously and polyamine supplements restored embryogenesis (Feirer
et al. 1984). The rise in Put level in globular- and heart-stage embryos precedes the
increase in Spd level in torpedo-stage somatic embryos of Daucus carota. In the present
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study with Picea abies the same trend in polyamine status during embryo development
can be seen (II, IV). 
 Inhibition of ODC by DFMO did not reduce embryogenesis in carrot tissue,
although the Put level decreased.  Noteworthy is that Spd and Spm levels increased in
DFMO- treated tissues, which indicates that Spd, in particular, has an important role in
later embryo development (Mengoli et al. 1989, Robie and Minocha 1989). Transfer of
mouse ODC cDNA in D. carota cells and its over-expression increased the concentration
of putrescine as well as the embryogenic competence of cells (Bastola and Minocha
1995). The increased Put level, in turn, stimulated  the overall metabolic turnover of
polyamines (Andersen et al. 1998).
4.4  SAMdc activity (II)
 
The level of decarboxylated SAM is usually low in plant cells, suggesting an important
role of SAMdc in polyamine synthesis (Greenberg and Cohen 1985). It decarboxylates
SAM molecules, which serves as an aminopropyl donor to Put and Spd, but are otherwise
used as methyl donors or ethylene precursors (Slocum et al. 1984, Pegg 1986).
SAMdc activity was analysed in conjunction with polyamine analysis in
embryogenic and non-embryogenic callus cultures of P. abies (II). At the first stages in
embryogenic calli (PE), changes in enzyme activity and Spd levels occurred
consecutively, but the decrease in free and conjugated Spd level did not respond to an
obvious  rise in enzyme activity at the 25th day (CE)(Fig. 4/II), although the amount of
bound Spd  increased slightly. The increase in PAO activity in maturing embryos (Fig.  2
B/III) may partly explain the disproportion between the rising SAMdc activity and the
falling levels of free and conjugated Spd in embryogenic tissue. Enzyme activity in non-
embryogenic tissue was 2 to 3-fold  lower than in embryogenic tissue, as expected from
the lower Spd  level, except in the 18th day when the  activity was slightly higher  (Fig.
4/II).  The rise in PAO activity  does not completely explain the slow simultaneous
increase in SAMdc activity and decrease of Spd level in non-embryogenic calli, but
polyamines are also translocated in plants; hence, synthesis and oxidation not only
regulate polyamine levels in cells, but polyamine levels may also decrease due to
secretion to the cell culture medium (Pistocchi et al. 1987).   
In suspension-cultured Daucus cells, SAMdc activity increased during the first
two days before  rises  in Spd and Spm levels (Minocha et al. 1991a). Enzyme activity
rose as well in auxin-(2,4-D) containing and auxin-free media, being more active in the
latter where embryos had matured, designating the importance of Spd and Spm  synthesis
during embryo development. In transgenic tobacco plants, which expressed the human
SAMdc gene, enzyme activity increased  2 to 4-fold along with an increase in
morphogenetic capacity (Noh and Minocha 1994).  Down-regulation of potato SAMDC
gene resulted in highly branched shoots with small leaves and elevated levels of ethylene
(Kumar et al.  1996).
Auxin is known to promote ethylene synthesis (Yang and Hoffman 1984) which,
in turn, inhibits embryogenesis in carrot tissue (Roustan et al. 1994). Hence inhibition of
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SAMdc activity with, for example, MGBG may partly inhibit embryogenesis by
increasing SAM pools in cells which may be used in ethylene synthesis.  
Effect of MGBG
 
on SAMdc activity, polyamine levels and embryogenesis
 
The effect of MGBG, an inhibitor of SAMdc, on the polyamine levels and embryo
development in P. abies was studied by culturing embryogenic callus with 1 mM
exogenous inhibitor (II). Testing the enzyme inhibitor in vivo presumes that the substance
has been taken up by the cells. At the 1st day (PE stage of embryos), MGBG treatment
raised Put levels probably partly by inhibiting Spd synthesis. The conjugated Put level
increased about 50%,  whereas the free Put level fell by more than 50%.  Free and bound
Spd  rose  unexpectedly in MGBG-treated tissue at the beginning, but later, inhibition of
SAMdc activity became manifested as decreased free and conjugated Spd levels (Figs 2
and 3/II).
The effect of MGBG on SAMdc activity  was surprising. Partially purified
SAMdc activity was higher in MGBG-treated tissue, where it rose more quickly than it
did in control tissue. MGBG is a competitive, reversible  inhibitor of SAMdc known to
increase SAMdc protein by retarding its turnover (Pegg 1986, Malmberg and Rose 1987).
However, a gel filtration before activity determination probably removed MGBG as small
molecules from enzyme extract and affected  results. When activities were recorded from
crude extracts of MGBG-treated and control samples,  the activity in MGBG-treated
samples was lower than in control samples (data not shown).     
Irrespective of the decrease in polyamine levels, MGBG had no visible negative
influence on embryogenesis in embryogenic tissue of P. abies. On the contrary, slightly
more embryos were formed in MGBG-treated callus. The maturation of embryos was,
however, slightly diminished due to MGBG treatment which may be seen by contrast to
the strong increase in fresh and especially dry weights of non-treated embryonal tissues.
In suspension-cultured embryogenic tissue of P. abies, MGBG  (0.1 mM), however,
depleted the growth and embryo maturation almost totally (unpublished results).
In proliferating suspension cultures of Daucus carota, only ADC is active, and
Put dominates other polyamines in auxin-containing media. When tissues are transferred
to an auxin-free medium, where embryos mature, Spd and Spm levels increase, and in
mature embryos, both ODC and ADC are active. Inhibitors of polyamine biosynthesis
(e.g. DFMA and MGBG) inhibit embryogenesis completely in carrot tissue by depleting
free Spd and especially Spm synthesis during embryo maturation (Minocha et al. 1991b).
The same trends were seen in our embryogenic callus cultures of P. abies, although the
inhibition either of Spd synthesis or embryogenesis was not so strong (Figs 2 and 3/II). In
addition, the method used in polyamine analysis was insufficiently sensitive to analyse the
low levels of Spm. Therefore, the effect of MGBG on Spm synthesis could not be
accurately assessed.
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4.5  Diamine and polyamine oxidase activities (III)
Polyamine levels are strictly regulated in plant cells by synthesizing and degrading
enzymes.  Degradation activity generally parallels active polyamine synthesis. Activity is
absent, for example, in resting Lathyrus seeds and appears during early germination,
when polyamine synthesis is also activated (Suresh et al. 1976). In synchronized cells of
Helianthus tuberosus, DAO activity parallels Put peaks in G1 and S-stages of the cell
cycle  and ADC and ODC activities (Torrigiani et al. 1989).
DAO and PAO activities were recorded in embryogenic and non-embryogenic
callus cultures of P.  abies.  After one week in an ABA-containing maturation medium
Put was oxidized about 40% more actively in non-embryogenic tissue than in
embryogenic tissue containing proliferating proembryos (PE stage). Oxidation activity
dropped markedly in both tissues during the first days (Fig.  2/III). These changes
correspond well with changes in Put levels in callus cultures. DAO activities increased to
high levels by the end of the experiment (5th stage, CE stage of somatic embryos). At the
last stage embryos were collected from non-differentiating tissue and analysed separately.
Put was degraded most actively in embryogenic non-differentiating tissue (Fig. 2 A/III).
Spd degradation was slower in Picea  tissue than was Put. Trends in oxidation
activity  were  the same as with DAO, being almost undetectable in both tissues at the 2nd
(PE stage of embryos) and 3rd (GE stage of embryos) stages. Spd also was degraded more
actively in embryogenic non-differentiating cells, whereas activities in cotyledonous
embryos and non-embryogenic tissue were almost the same (Fig.  2/III). Optimal pH  in
both oxidases was 8, and in non-embryogenic tissue, another optimum for Spd
degradation was seen at pH 5.  This may partly explain why non-embryogenic cells have
lower Spd level than in embryogenic tissue. Furthermore Spd in Picea cells degraded to
putrescine as in animal, fungal and bacterial cells (Pegg 1986), and not to DAP as in Zea
and Avena cells. 
The pH-optimum for purified maize shoot PAO was 5, similar to that of a barley
leaf enzyme (Federico et al.  1990).  The pea seedling DAO degrades Put and Cad
(optimal pH 7), but is capable of oxidizing some other substrates as well (Hill 1971). It
degrades, for example, Spd to aminopropylpyrroline, NH3 and H2O2. Up to four iso-
enzymes of  DAO have been separated by electrophoresis from pea (McGovan and Muir
1971). One explanation for two pH optima in Picea cells may be degradation of Spd by
two amine oxidases, DAO and PAO, or presence of different iso-enzymes with different
pH optima (III). 
4.6  Pyrroline dehydrogenase activities
NAD supports the activity of pyrroline dehydrogenase.  When it was added to the DAO
an PAO reaction mixtures containing pyrroline (the reaction product of DAO and PAO
activities) radioactivity moved from organic phase (toluene) to reaction mixture  because
pyrroline was oxidated to GABA (Fig 3/III). Formation of labelled GABA was
determined by TLC from reaction mixture (III).  GABA formation was slower from Spd
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than from Put (Table 6), although some PAO activity was seen in suspension-cultured
cells of P. abies as a result of the slow development of labelled lipophilic compound
(pyrroline /aminopropylpyrroline) from Spd.
Table 6.  Incorporation of a label (CPM/100 mg FW) in non-embryogenic tissue  from
1,4 14C-Put and 1,4 14C-Spd through DAO and PAO, respectively and then via pyrroline
dehydrogenase to GABA. Results  are means of three replicates (SE). Recalculated from
the results of  study (III).
________________________________________
Time             Put                                 Spd              
½ h              3604.8 (688)                 84.2 (29)  
1 h               5844.8 (848)               206.4 (21)  
________________________________________
4.7  Metabolism of Put in embryogenic and non-embryogenic tissues (IV)
During 2-h feeding, Put was degraded in developing somatic embryos as well as in aging
non-embryogenic tissue. Liberation of 14CO2 became stronger in embryogenic tissue
during embryo development. More 1,4 14C-Put, was taken up by embryogenic cells than
by non-embryogenic tissue, comprising 7-14% of Put radioactivity. Radioactivity from
Put was incorporated into proteins and cell wall debris, with incorporation being more
profuse in embryogenic than non-embryogenic tissue (Fig. 2). Put was further
metabolized into Spd and Spm, and conjugated and bound forms of polyamines.  Label
from 14C-Put accumulated especially in Spm and, although conjugated form of
polyamines were most abundant in developing somatic embryos, more radioactivity was
usually incorporated in bound polyamines (Fig.  2 /IV). This may suggest that conjugation
may either work as a transition phase with products subsequently bound to
macromolecules such as proteins or cell wall matrix, or polyamines are prominently
bound to macromolecules and conjugation into phenolic compounds, as end products of
polyamine metabolism, occurs  more slowly.
In maturing seeds of Picea, conjugated polyamines were absent (V), whereas in
maturing embryos of Zea mays, phenolic amides increase during development (Martin-
Tanguy et al. 1982). In the present work, the chemical nature of possible phenolic partners
of conjugated polyamines was not investigated; polyamines  were only hydrolysed  from
their PCA-soluble partner-molecules and the amount of liberated polyamines analysed by
HPLC (II, IV, V). Some nuclear proteins, such as high mobility groups and H2 (histone)
proteins, which may interact with polyamines can also be extracted in PCA (van den
Broeck et al. 1994). Thus, the fraction of conjugated polyamines may also include some
protein bound-ones.  
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Fig. 2.  Incorporation of label from 1,4 14C-Put in CO2 , PCA, proteins and cell wall
debris in embryogenic and non-embryogenic tissues of P.  abies.  Results are percentages
of radioactivity (CPM) from fed putrescine.  The PCA fraction contains polyamines and
amino acids extracted from tissues. PE, proembryos, CE, cotyledonary embryos.
Recalculated from results of study IV.
4.8  Metabolism of Arg and Orn in maturing seeds (V)
Polyamine precursors Arg and Orn were both decarboxylated in maturing seeds. Arg was
decarboxylated slightly, but significantly more than Orn.  Activities were  2-fold higher
in the embryo than in the megagametophyte tissue (Fig. 1/V). This was positively
correlated with production of higher amounts of labelled Put from Arg than from Orn
(Table 1/V). These results suggest that Put is predominantly synthesized by ADC in
maturing embryos. In megagametophyte cells, Put synthesis was very slow via both ADC
and ODC activities, because only 3.6% (from Arg) and 3.3% (from Orn) of radioactivity
in PCA extract of megagametophytes were found in putrescine (Table 1/V).
In somatic proembryos of Picea glauca x Picea engelmannii complex (interior
spruce), polyamine levels were rather low in an auxin-(2,4-D) and a cytokinin-(BA)
containing proliferation medium. After transfer of proembryos to maturation medium with
ABA, their levels of free Put and Spd as well as ADC activity rose markedly, whereas
ODC activity remained almost unchanged during somatic embryo maturation
(Amarasinghe et al. 1996).   
In vernalized seeds, where Arg decarboxylation was active, labelled Arg was
absent from the PCA extract (Fig. 6/V). In PCA-precipitable proteins, more label was
present from Arg than from Orn, and radioactivity from both amino acids was mainly
incorporated into proteins as Arg and Glu (results not shown). After SDS-gel separation
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of polypeptides and counting of radioactivity from individual bands, a small 14 kDa
polypeptide was found to be most strongly labelled (Table 2/V).
The hydrolysation product of PCA-precipitable proteins from embryos and
megagametophytes also contained polyamines Spd and Spm and their degradation
product DAP (Fig. 7/V). Hydrolysed polyamines did not, however, contain any label.
Thus, they must have either conjugated into proteins at earlier stages of development, or
the feeding time (3 h) was too short to produce polyamines from Arg and Orn, and
conjugate them into proteins. In maturing embryos of P. abies, 1,4 14C- Spd was
incorporated into 5 polypeptides (Fig. 3). Large protein aggregates, incapable of leaving
gel wells during electrophoresis, and small polypeptides were also strongly labelled (Fig
3). 
Reported to work as substrates to transglutaminase-enzymes in plants are
proteins such as actin and tubulin (Del Duca et al. 1997), ribulose bisphosphate
carboxylase (Margosiac et al. 1990, Del Duca et al. 1994) and a mitochondrial membrane-
bound protein, probably catalase (Votyakova et al. 1999). In etiolated hypocotyls of
Cucurbita pepo, Spd was found to bind to proteins on the external side of plasma
membranes (Tassoni et al. 1996). The highest binding activity was towards 66 and 44 kDa
polypeptides, as analysed in SDS-gel electrophoresis (Tassoni et al. 1998). Furthermore,
many non-characterized protein-polyamine conjugates are formed after Put and Spd
feeding.  In several plant organs, very high molecular mass or water-insoluble protein-
polyamine conjugates, incapable of moving in SDS-gel, have been detected (Serafini-
Fracassini et al. 1995). In dividing cells of Helianthus tuberosus, Put and its derivatives
were conjugated during G1 phase into two polypeptide bands having molecular weights
of 17 500 and 19 000 Da, and in a next phase, into a polypeptide with a molecular weight
>66 000 Da (Serafini-Fracassini et al. 1989).
Put, Spd and Spm are slowly synthesized in maturing seeds of P.  abies and they
are also degraded because the label is found in GABA, which is synthesized as a diamine
and polyamine degradation product from Orn and especially from Arg during the 3-h
feeding (Fig. 6/V). Polyamine concentration was higher in embryos than in
megagametophytes, whereas Spd and Spm levels/organ were approximately equal.  The
put level was 3 to 4-fold that of the Spd level in embryos, while in megagametophytes the
Spd level was slightly higher than the Put level. Vernalization  decreased the Spd level
slightly but significantly in embryo and megagametophyte tissues (Fig. 5/V).
In maturing somatic embryos  of Pinus radiata, Spd/Put ratios correlated
positively with seed viability. In germinable embryos, the ratio of Spd to Put was higher
than in abnormal embryos incapable in forming plants (Minocha et al. 1999). In maturing
zygotic embryos the Spd level increased during maturation, and in mature embryos,  it 
was over 4-fold higher than the Put level. The same trend was seen in megagametophytic
tissue.
At a very early stage of development, somatic embryos of P. abies contained
higher Put than Spd levels. During development, the proportions changed, and in
cotyledonous embryos, the Spd level was higher than the Put level (Figs 2 and 3/II) .
Although the free Spd level was lower than in zygotic embryos (Fig.  5/V), large amounts
of conjugated and bound polyamine forms were present.
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Fig.  3.  Incorporation of label from 1,4 14C-Spd into proteins of zygotic embryos.
Proteins are extracted after Spd feeding and separated by SDS-gel electrophoresis.
Labelling of polypeptides was detected by Imaging Plate analysis.  Lines 1 and 2 show
labelling of 5 polypeptides and big aggregates in wells.  Lines 3 and 4 are SDS-gel-
separated polypeptides stained with Coomassie Brilliant Blue.
5. CONCLUSIONS
A method of producing plantlets of Picea abies by somatic embryogenesis has been
presented. The development of somatic embryos from embryogenic tissue takes 7-8
weeks, after which 50-90% of embryos are able to germinate, depending on the genotype
of zygotic embryos used as starting material and the physiological stage of the tissue.
Organic nitrogen, concentrated microelements, and a suitable auxin to  cytokinin
ratio on a preculture medium provide a good environment for proembryos to proliferate
and develop.  ABA  is needed in the maturation medium for further development of viable
somatic embryos in embryogenic tissue (I).
Active polyamine metabolism during development of somatic embryos and
maturation of zygotic embryos of P. abies suggest that polyamines regulate embryo
development, with an as yet unknown mode of action. The levels of free, conjugated and
bound Spd rose during active cell division of somatic embryos of P. abies (II, IV).
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Polyamines are also synthesized in maturing zygotic embryos in which cell division
activity is delayed (V). In addition, polyamines are actively degraded by DAO and PAO
in developing and maturing somatic embryos and especially in non-differentiating cells in
embryogenic tissue (III). Polyamines as well as their degradation product (DAP) are
bound in proteins of developing somatic and maturing zygotic embryos (IV, V).
The regulation of polyamine levels is complex, including feed-back regulation of
synthesis, environmental control and internal control by hormones. Moreover,
polyamines are degraded and many probably active reaction products are made and their
nitrogen and carbon sources cycled. Further polyamine synthesis shares the SAM
molecule, which also functions in ethylene synthesis and as a methyl-donor, and
polyamines are translocated and secreted from cells similar to plant hormones, all of
which make it very difficult to identify their exact role in embryogenesis.  
Until now, the role of polyamines in embryogenesis has mainly been studied as
variations in levels of free polyamines and by inhibiting polyamine synthesis, which
usually blocks embryo development. Polyamines are, however, ubiquitous molecules and
also participate in so-called house-keeping reactions in cells. Therefore, it is  important to
compare their metabolism in cells entering embryogenesis with their metabolism in cells
only dividing and ageing on nutrient media.     
Polyamines bind covalently to enzymes and structural proteins, modifying them
post-translationally and changing properties which may exert a regulatory function in
embryogenesis and other developmental manifestations.  In maturing zygotic embryos of
P.  abies,
 Spd was incorporated into a few polypeptides as well as into large protein
aggregates incapable of entering the gel during SDS-electrophoresis (V). 
Polyamines also bind covalently to cell wall material (II, IV, V). Binding may
change cell wall properties and take part in cell wall polymerization reactions by H2O2-
production during catabolism, events which may also play a role in developmental
regulation. Put and Spd were catabolized in embryogenic and non-embryogenic cells of
P. abies
 by DAO and PAO, respectively,  and exceptionally Put was also generated as a
reaction product of PAO activity (III).   
For better understanding of the role of polyamines in embryogenesis, further
investigations are needed to identify the polypeptides and cell wall structures interacting
with polyamines during embryo development and the partners of  polyamine conjugates.
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